Abstract. The aim of this paper is to simulate numerically the air ow induced by a walking visitor and its e ects on the contaminant transport and ventilation system e ectiveness. To this end, the following models will be used in this study: the Lagrangian Discrete Random Walk (DRW) model to trace the motion of BCPs, the dynamic mesh method to simulate the visitor movement, and the Reynolds Averaged Navier-Stokes (RANS) model to solve the air ow. The validation results of the numerical method are in full agreement with the available experimental data in the literature. The ndings of the present study indicate that the visitor's movement has remarkable e ect on the basic air ow, and the increase of the visitor moving speed can decrease the risk of infection in the AIIR. It is also found that the concentration of BCPs in the back of visitor exceeds 10 cfu/m 3 , and the small distance between the patient and visitor has a negative impact on increasing the BCPs infection of the patient in AIIR. At the same time, it is observed that the e ect of walking speed on the ventilation e ectiveness index is not remarkable.
Introduction
Some of the human health concerns necessitate strict observation and control over infection transmission within hospitals for infectious diseases, such as measles, chickenpox, Severe Acute Respiratory Syndrome (SARS), tuberculosis (TB), and in uenza [1] . To implement appropriate infection control measures and prevent the transmission of contagious diseases from a patient to other people or from outsiders, such as health care personnel and visitors, to the susceptible patient, hospitals must have Airborne Infection Isolation Room (AIIR) which is a safe and healthy environment for patients with infectious diseases [2] .
During patient care in the AIIR, the patient may be exposed to bacterial contamination. The main source of contamination in such ultra-clean environments can be categorized into two groups: 1. Exogenous sources such as hospital health care personnel, visitors, and the quality of the ventilation air; 2. Endogenous sources such as bacteria microscopic organisms on the patient's skin, mucous layers, or gastrointestinal tract [3] . Bacteria-Carrying Particles (BCPs) are considered as one of the major risk factors in spreading airborne diseases shedding from health care workers and visitors, such as skin scales or squamae [4, 5] .
It is clear that the contaminant distribution in AIIRs has a signi cant relationship with the main factors such as air ow pattern, particle characteristics, the location of obstacles [6] , contaminant source location [7] , supply/exhaust openings arrangement [8] , and occupants and their motion. Investigations have shown that occupants and their motions are one of the most important parameters which may a ect Indoor Air Quality (IAQ) as well as ventilation performance [9] and have an important in uence on contaminant transport [10, 11] in ultra-clean environments.
Moving occupants in the AIIRs can disrupt the unidirectional downward air ow pattern and a ect the BCPs transmission. Both experimental [12] [13] [14] [15] [16] and numerical methods [5, 9, 10, [17] [18] [19] [20] [21] [22] have been adopted to study the induced air ow pattern due to obstacle motion. Since experimental measurement is timeconsuming and very expensive, Computational Fluid Dynamics (CFD) techniques have become powerful and e cient tools for studying engineering problems, including air ow and contaminant distribution in enclosures [10] .
Most of the previous studies have mainly concentrated on patient exhalation, coughing or sneezing; to the authors' best knowledge, few investigations have considered the moving object as a contamination source in the AIIR. Considering the implementation of the dynamic mesh technique, the aim of this research is to investigate numerically the air ow induced by a visitor's movement and its in uence on the air ow pattern, contamination distribution and ventilation system performance within the downward unidirectional AIIR. To this end, this study tries to investigate the following issues: 1. The e ect of visitor's movement on air ow pattern and BCPs distribution in the downward unidirectional AIIR model; 2. The role of di erent walking speeds on the BCPs concentration distribution around the patient body and the appropriate distance between visitor and patient to preserve the low infection level zone around the patient; 3. The functional relationship of the visitor movement on the ventilation e ectiveness index. Ultimately, the goal of this study is to make recommendations for a better design of the future isolation rooms.
Model description
To investigate the impact of a moving visitor on the air ow pattern, ventilation system performance, and In the current research, it is also supposed that the visitor's body is the only source to spread out the contaminant particles in the AIIR. In this investigation, four steady walking speeds of 0.25, 0.5, 0.75, and 1 m/s are respectively performed to explore the in uences of a moving visitor on the air ow eld, ventilation performance, and contaminant concentration distribution. At rst, the visitors are stationary in front of the entrance of the AIIR at Position 1 (x = 3:25 m), and the ventilation air ows steadily. At time t > 0, the visitor moves along the direction of x from Position 1 towards Position 2 (x = 1:31 m) with straight line motion, and then turns right and stops in Position 3 for two seconds opposite the nurse. On the way back, the visitor turns left (Position 4) and moves to get to the nal station (Position 5) (x = 2:91 m). According to the di erent walking speeds, the simulation times are di erent, but the total moving distance is 3.54 m (see Figure 2) . Given that the particulate phase concentration in AIIRs is low, the air ow hydrodynamics is not in uenced by the particulate phase. There is no interaction between continuous air ow phase and particle discrete phase; thus, the particles are treated as one-way coupling [23] . The governing equations of the air phase, including the conservation of mass, conservation of momentum, turbulent kinetic energy, k, and dissipation rate, ", can be expressed in the general format as follows [24] :
In this equation, is air density,Ṽ is the velocity vector, and ' denotes the dependent variables (where ' = 1; u; v; w; k; "). More details of e ective di usion coe cient, ' , and source term, S ' , for each dependent variable are given by [25] .
Governing equations for particulate phase modeling
In this simulation work, apart from the Eulerian approach for solving the air ow eld, the Lagrangian DRW model is adopted to track the contaminant particles. The Lagrangian method is used to track the particles movement after being released from the surface of the visitor's body. To calculate trajectory of discrete phase particle in Lagrangian particle tracking approach, the equation of particle motion can be written as follows [24] :
where u a i and u p i are the air and the particles velocities, a and p are the density of air and the particles, g i and F a are the gravity and additional forces, respectively. The additional forces which may be included in the equation of motion are pressure gradient force, Sa man lift force caused by shear, virtual mass and Basset forces due to unsteady ow, thermophoretic and Brownian forces caused by temperature gradient [24] . In this research, based on the literature [24, 26] , the additional forces with the exception of drag force and gravitation, all forces are assumed negligible due to the relatively large size of the investigated particles. Particle relaxation time, , is de ned as [24] :
where d p is the diameter of the particle, S is the ratio of particle density to uid density, and C c is the Cunningham slip correction factor [24] implemented to compensate for non-continuum e ects:
where Knudsen number is de ned as:
In Eq. (5), is the air mean free path which equals 68 nm in the normal conditions (T = 25 C and P = 1 atm).
Since the turbulence di usion is one of the most important features of the indoor air ow, its accurate estimation is necessary to predict the particle trajectory. In this study, Lagrangian DRW model [24] is adopted which simulates the components of the turbulent uctuating velocity as follows:
where is a Gaussian random number, and q u 0 2 i represents the Root Mean Square (RMS) of the uctuating velocity components. For k " family turbulence models, the RMS components are the same and equal to 2/3 k. To compare the in uence of walking speed on the ventilation e ectiveness of the removal of BCPs, the Sandberg's mean ventilation e ciency index [27] is used which can be expressed in the following form:
where C o , C i , and C m are the concentration at the exhaust, supply, and room-averaged concentration of contaminant in a ventilated room, respectively. As the air supply system in an AIIRs provides clean air, say C i = 0, Eq. (7) reduces to:
Dynamic mesh technique
To simulate the aerodynamic e ects of the visitor's motion on the AIIR, the dynamic mesh model is employed for the numerical solution. The integral form of the corresponding governing equations for the dynamic mesh technique on control volume V with boundary @V is described as follows [24] :
whereṼ and ! V g represent the air ow velocity vector and the mesh velocity of the moving mesh, respectively. More details can be found in [24] . In dynamic mesh zone, the remeshing method is adopted to remesh the agglomerated cells or faces, and smoothing method is used to adjust the mesh of a zone with a moving boundary [24] .
Numerical method
The present study adopts the ANSYS Fluent commercial software to simulate the AIIR model. Lagrangian Discrete Random Walk (DRW) model is adopted to trace the motion of BCPs; similarly, the dynamic mesh technique is adopted to model the visitor's movement, the Reynolds Averaged Navier-Stokes (RANS) model employed to solve the air ow, and the Renormalization Group (RNG) k " model adopted to model the turbulent ow inside the AIIR due to its accuracy and reputation for robustness [28] .
Solution procedure
In the present study, ICEM-CFD meshing software (Ansys Inc.) is adapted to mesh the AIIR. The type of meshes is tetrahedral, and the mesh independency test is conducted using three di erent mesh densities (342 k (coarse), 613 k (medium), and 1211 k ( ne)). In this study, a numerical uncertainty analysis is performed using the Grid Convergence Index (GCI) [29] to estimate the uncertainties resulting from mesh size.
For the chosen grid size, the GCI value for velocity magnitudes is around 4.12%. Therefore, the medium grid density is ne enough to predict the air ow eld and concentration distribution in the domain. The Finite Volume Method (FVM) is applied to discretize the conservation equations. A second-order upwind scheme is used to discretize the convection terms, and the SIMPLE scheme is selected to couple pressure with velocity [30] . The convergence criteria of the air phase properties are assumed to be 1 10 4 .
Boundary conditions
The supply uniform velocity is taken 0.21 m/s with a turbulent intensity of 5%. At the exhaust grills, the out ow boundary conditions are used. All boundary walls are supposed to be adiabatic, and the no-slip velocity boundary condition is applied to solid walls. For RNG k " model mentioned above, the standard wall function is applied as boundary condition at the AIIR walls [31] . Considering the high air change rate and due to the short residence of the visitor moving in the AIIR, the occupants' bodies are supposed to be adiabatic.
In the current study, it is also assumed that the visitor body is the only source to spread out the contaminant particles in the model AIIR. According to Rui et al. [32] , the uniform release rate of bacterial particles is set to 600 bacteria colony/min from the surface of the visitor's body. As explained in the introduction, the major source of bacterial emission in the AIIR is the particles with the diameter of 5 10 m. Liu et al. [33] found that di erent diameters ranged from 5 to 10 m have minor di erences among the results; therefore, the 5 m particles are used with a density of 1000 kg/m 3 . In the present Lagrangian modeling for particles tracking, the trajectories of particles vanish as they impact the AIIR walls, hospital bed, equipment table, and occupants. The particles leave the AIIR model from exhaust grills. The boundary conditions for the CFD simulation are given in Table 1 .
Validation of the CFD simulation
According to the literature [4] , RNG k " model has been successfully performed to simulate indoor air ow eld. Since RNG k " turbulence model has been well validated to simulate velocity eld in the isolation rooms, only the particle phase modeling is validated in this study. The normalized concentration in a threedimensional model room is investigated numerically and compared against experimental data derived from the study of Chen et al. [34] .
Dimensions of the 3-D model for the numerical study are 0:4 0:8 0:4 m 3 (width length height). The fresh air enters the room through the inlet 0:04 0:04 m 2 (width height) which is located on the centerline of the room and symmetrically exhausted from the outlets 0:04 0:04 m 2 (width height) in the faced side, as shown in Figure 3 . The Air Changes' rate per hour (ACH) used for the model room is 10/h; according to this ACH, the inlet ow velocity is 0.225 m/s.
The number of tracking tested particles in the Lagrangian DRW concentration model is 300000 with 10 m diameter and 1400 kg/m 3 density. As shown in Figure 4 , the comparison of normalized concentration between the Lagrangian DRW concentration results and experimental data exhibits a fairly good agreement with a mean relative di erence of 14% and a maximum relative di erence of 42%. 6. Result and discussion 6.1. E ect of visitor moving on air ow patterns Figure 5 shows the velocity vectors distribution of the AIIR induced by visitor movement at di erent walking speeds at plane z = 2:1 m when the visitor moves to Position 2. The following can be concluded based on Figure 5 :
The e ect of the visitor movement on the basic air ow patterns is great and its motion pushes the indoor air in front of the visitor and creates a lowpressure zone in the back of the visitor. When the di erence between visitor speed and supply di user velocity increases, the visitor's movement causes more disturbance in the main air ow pattern; The movement of the visitor can give rise to the formation of new recirculation zones: A larger zone behind the visitor and a smaller zone around the visitor's head which grows progressively as the visitor moves through the AIIR; When the moving speed increases from 0.25 to 1 m/s, the recirculation zone near the visitor's head becomes larger and demonstrates more changes in the downward unidirectional air ow.
E ect of visitor moving on the concentration distribution of BCPs
Recirculation zones due to the visitor's movement can entrap and entrain BCPs and create a high level of risk of infection in the AIIR. It can be seen that for all walking speeds, the concentration of BCPs at the back of the visitor becomes more than 10 colony forming units (cfu/m 3 ); Due to the BCPs release from visitor body, it is obviously observed that for a slower walking speed, the zone near the back of the visitor becomes heavily contaminated and the infection risk increases.
For comprehensive investigation of the concentration of the BCPs near the patient, Figure 7 It is observed that when the visitor walks forward, the contaminant distribution behind the visitor is rather local and the zone around the patient is not highly concentrated; It is found that on the way back, the visitor's movement and turning can cause the BCPs transport from the back of the visitor to the patient breathing zone and may increase the risk of patient's infection in this AIIR model. Based on the above discussion, it can be said that the visitor's movement has a remarkable e ect on the deposition of BCPs. The BCPs may be deposited over critical surfaces, including the patient and nurse bodies, hospital bed, and instrument table by a mechanism, such as turbulent uctuations. Figure 8 compares the deposited BCPs mass on the critical area for di erent walking speeds. In addition, to investigate the infection risk near the patient, Figure 9 shows the local BCPs concentration along the patient when the walking speed is 0.25 m/s. The line interval is located at the height of the patient face which is at y = 1:38 m. The following highlights the trends in Figures 8 and 9 :
The faster walking speed cases have lower mass of deposited BCPs on the critical area. In fact, there is little contamination on the patient for faster walking speed which implies less risk of infection (see Figure 8) ; In this AIIR model during visitor's movement, the BCPs concentration at the patient's breathing zone remains less than 10 cfu/m 3 due to the appropriate distance between the patient and visitor and downward unidirectional air ow (see Figure 9 ).
To make a prediction of critical BCPs infection area around the visitor, Figure 10 shows the comparison of BCPs concentration between di erent walking speeds when the visitor moves to Position 5. The following highlights the trends in Figure 10 :
It can be seen that the distance between the patient and visitor is very important to prevent the BCPs infection, and the small distances between them can increase the infection risk of the patient. For instance, when the distance between the patient and visitor decreases from 440 mm to 200 mm, the BCPs concentration can increase as much as 1000%; It is found that when the distance between the patient and visitor is more than 440 mm, the visitor's movement does not have a highly signi cant in uence on the patient. On the other hand, in the critical distances within 440 mm around the visitor, the air with more than 10 cfu/m 3 can be observed which increases the risk of infection.
6.3. E ect of visitor moving on the ventilation system e ectiveness Figure 11 represents a quantitative comparison of the impact of di erent visitor walking speeds on the ventilation e ectiveness of the system. This can be de ned as a percentage of released particles evacuated by the ventilation air ow. Based on the di erent visitor walking speeds, the results are presented as a function of the visitor position in Figure 11 (a) and the instant time in Figure 11 (b). According to Figure 11 , we may realize that:
For di erent walking speeds, ventilation e ectiveness gradually increases as the visitor moves across the room and magni es when the visitor moves slower, especially at moving speed of 0.25 m/s. Nevertheless, the in uence of visitor walking speeds on the ventilation system performance is not signi cant and the maximum value reaches 1.63%.
Conclusions
In this paper, the e ect of a visitor walking on the concentration of airborne BCPs shedding from visitor in an AIIR was examined numerically using unsteady CFD simulations. Also, its in uence on the air ow pattern and ventilation e ectiveness was investigated. zones which may entrain and entrap the airborne BCPs released from the visitor's body in the AIIR and change the infection level around the patient. For smaller walking speeds, the back of the visitor becomes heavily contaminated and the infection risk increases; 2. The distance between the patient and visitor is very important to preserve the low infection level zone around the patient. For this AIIR model, it is suggested that the minimum distance between them must be 440 mm to decrease the infection risk of the patient. On the other hand, when the distance between the patient and visitor is more than 440 mm, the visitor's movement does not have a remarkable in uence on the air ow near the patient; 3. The e ect of walking speed on the e ectiveness of ventilation system is not remarkable and maximum value reaches 1.63%.
The present study and its results lead to superior comprehension of the impact of moving visitor on the air ow pattern and contaminants dispersion in AIIR and may nd useful applications to design more e ective ventilation strategies. 
